We have investigated the microstructure and bonding of two biomass-based porous carbon chromatographic stationary phase materials (alginic acid-derived Starbon ® and calcium alginate-derived mesoporous carbon spheres (AMCS)) and a commercial porous graphitic carbon (PGC), using high resolution transmission electron microscopy, electron energy loss spectroscopy (EELS), N 2 porosimetry and X-ray photoelectron spectroscopy (XPS). The planar carbon sp 2 -content of all three material types is similar to that of traditional nongraphitising carbon although, both biomass-based carbon types contain a greater percentage of fullerene character (i.e curved graphene sheets) than a non-graphitising carbon pyrolysed at the same temperature. This is thought to arise during the pyrolytic breakdown of hexauronic acid residues into C5 intermediates. Energy dispersive X-ray and XPS analysis reveals a homogeneous distribution of calcium in the AMCS and a calcium catalysis mechanism is discussed. 
Introduction
Porous graphitic carbons (PGC) are attracting increasing interest for applications such as catalysis [1] and [2] , adsorption [3] , and energy storage [4] and [5] . In particular, PGC has attracted significant interest over the past decades as a liquid chromatography (LC) stationary phase, owing to its unique mechanism of separation of polar compounds under mass spectrometry-compatible reversed-phase conditions, as well as its capacity to function over the entire pH range [3] , [6] , [7] and [8] . PGC compares favourably with the widely adopted standard reversed-phase, chemically bonded but less stable silica columns, which are unable to retain polar compounds.
Over the last few years, the preparation of mesoporous carbonaceous material via thermal decomposition of expanded starch (which has been commercialised as Starbon ® ) has been developed [9] and [10] . A second generation Starbon ® prepared from the algal polysaccharide alginic acid (termed Starbon ® AXXX, where "XXX" refers to the temperature of pyrolysis)
has been shown to be effective in the LC separation of low mass carbohydrates [11] , with retention comparable to that on a commercial PGC column [12] . Synthesis of alginic acidderived Starbon ® involves the expansion of an alginic acid hydrogel in water, followed by solvent exchange with ethanol and supercritical CO 2 drying to produce an aerogel precursor, which is then subjected to pyrolysis at up to 1000 o C under an inert atmosphere. Although attempts have been made to understand the carbon species present in these materials, the characterisation techniques used have been of an indirect nature, enabling only the description that the materials show extended aromaticity. Thus there is a need to adopt methods which allow the direct comparison of the carbon character within a commercial PGC material with that in an alginic acid-derived Starbon ® -material, in order to understand why alginic acidderived Starbon ® shows retention similar to that on PGC. The purpose of this paper is therefore to shed light on the microstructure and chemical composition of alginic acid-derived Starbon ® , applying transmission electron microscopy (TEM) imaging and diffraction techniques combined with compositional analysis using energy-dispersive X-ray (EDX) and electron energy loss (EELS) spectroscopy together with a semi-quantitative analysis of the EELS carbon K-edge, for the extraction of both the fraction of sp 2 -bonded carbon atoms and the degree of fullerene character [13] . This data has been directly compared with similar data for a commercial PGC material. Two alginic acid-derived Starbon ® samples were studied: one had been pyrolysed to 1000 o C (Starbon ® A1000) and the other to 800 o C (Starbon ® A800).
These samples represent respectively materials prepared using the same pyrolysis temperature as White et al. [11] and the pyrolysis temperature more recently favoured for the preparation of Starbon ® material [14] .
Coupled to this, recent work aimed at improving the morphology of alginic acid-derived Starbon ® particles for the purposes of packing chromatographic columns has led to the development of calcium alginate mesoporous carbon microspheres (AMCS), which are also pyrolysed to 800 o C under an inert atmosphere [15] . This research has highlighted the effect that calcium ions play in the structural properties of AMCS, where microporosity of the material was observed to increase as calcium levels decreased. To date, no analysis of the effect of calcium removal on the microstructure of these materials has been attempted. This paper therefore also attempts to analyse the nanostructure and chemical composition of two different AMCS samples; a unwashed sample (AMCS-NW; the sample has not undergone an acid-wash step to remove bound calcium ions), and a washed sample (AMCS-W; the sample was acid-washed using 0.1 M HCl). The purpose was to draw a comparison between AMCS and the alginic acid-derived Starbon ® materials whose morphology they have been designed to improve upon, as well as to study the effect that elevated calcium levels may have on the carbonisation of AMCS during pyrolysis.
Experimental

Chemicals
Alginic acid from brown algae and sodium alginate were purchased from Sigma (Poole, UK).
Commercial PGC was purchased from Hypersil (Runcorn, UK). Calcium chloride and all solvents were purchased from Fisher (Fisher Scientific, Loughborough, UK).
Alginic acid-derived Starbon ® precursor synthesis
Alginic acid from brown algae (Sigma) was gelatinised in distilled water: a suspension of the polysaccharide (1 g in 20 mL water) was stirred for two hours at 90 h was performed in order to strengthen the resulting hydrogel. The water was exchanged for ethanol and the resulting alcogel dried in supercritical CO 2 (scCO 2 ). Drying was conducted using a Thar SFE-500 supercritical extractor heated to 40 ο C and held at a pressure of 120 Bar for 2 h under dynamic flow conditions (40 g min -1 CO 2 ). The extractor was subsequently allowed to depressurise over a period of 12 h.
Preparation of AMCS precursor
Sodium alginate (Sigma-Aldrich) was mixed in deionised water (1 g in 50 mL water) to produce a viscous solution. The solution was passed through an electrospray ionization emitter source that had been detached from the mass spectrometer, at a flow rate of 1 mL/min using a constametric 3200 solvent delivery system (LDC Analytical). The solution was nebulized using 9 psi air, sprayed into a constantly-stirred 0. 
Transmission electron microscopy (TEM)
TEM characterisation was carried out with a FEI Supertwin CM200 thermally assisted field emission gun transmission electron microscope operated at 197 keV (point resolution 0.24 nm) equipped with an ultra thin window Oxford Instruments energy dispersive X-ray (EDX) detector running ISIS software and Gatan (GIF200) EELS imaging filter. TEM samples were prepared by grinding and ultrasonically dispersing the powders in methanol, one drop of the dispersion was deposited onto a copper grid (400 mesh) covered by a holey carbon-coated film (Agar Scientific), and the sample was dried in air for about 15-20 minutes. All EELS spectra were collected in diffraction mode from areas some 180 nm in diameter; core loss spectra were all collected using 'magic' collection angle conditions for which spectra are crystallographically orientation independent [17] . Carbon K-edge spectra were processed and fitted using the Digital Micrograph software package (Gatan). Fitting and analysis of the EELS carbon K-edge was performed using the approach described by Zhang et al. [13] .
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) were performed on a Kratos AXIS HSi X-ray photoelectron spectrometer equipped with a monochromatic Mg K X-ray source (energy 1253.6 eV) and a charge neutralisation gun. Spectra were recorded at an analyzer pass energy of 20 eV. Spectra were energy referenced to the C 1s photoelectron peak at 284.6 eV, with quantification performed using CASA-XPS 2.3.15 following Shirley background subtraction.
Sensitivity factors for C 1s (0.318), Ca 2p (1.95), N 1s (0.505) and O 1s (0.736) were used to correct the signal intensities and quantify the surface composition. Peak fitting for Ca and carbohydrate features was performed using a 30:70 Gaussian-Lorentzian peak shape, whilst deconvolution of graphitic-like sample data required an asymmetric Doniach Sunjic line shape. Spectra were fitted with the minimum number of components required to provide a good envelope, with full width half maxima (FWHM) kept fixed within each class of material. Typical FWHM values were 1.5-1.7 eV for Ca 2p; while for the C 1s, FWHM were 2.5 eV for the AMCS and Starbon ® precursors and 1.5 eV for the pyrolysed products. Binding energies for components were chosen using reference data from the NIST XPS database [18] . Table 1 summarises the surface area and pore structure characteristics of the samples as determined by N 2 sorption porosimetry. All samples are predominantly mesoporous, with the commercial PGC material having the highest mesopore content at 94 %. Pore diameter is well within the mesopore range for all samples, although the commercial PGC material had a narrower pore size distribution (not shown). This is to be expected, as this material is synthesised using a hard-templating route, for which a template of a specified pore size is used [3] . The alginic acid-based samples have greater surface area than the commercial PGC material as well as larger pore volumes, although there is significant variation among these samples.
Results and discussion
3.1: N 2 sorption porosimetry
The porosity of the alginic acid-based carbons is derived from the porous expanded polysaccharide framework created during the synthesis gelling process, a so-called "naturaltemplate". Although not as strong as a hard-template (e.g. a silica bead), the synthesis has been developed to retain this framework throughout the synthesis without causing extensive structural collapse. However, the porous polysaccharide framework is susceptible to heat treatment which gives rise to micropore formation and the surface area values observed. reduce the micropore content [3] . Interestingly, there is also evidence of smaller, quasi-flat but highly-aligned carbon layers which appear similar to those described by Harris et al. for low temperature-pyrolysed graphitizing microporous carbons, derived from anthracene [19] .
3.2: Transmission electron microscopy (TEM)
3.2.1: High resolution TEM
In the Starbon ® A800 sample, there is only minimal ordering of (002) graphitic planes, limited to 2-3 aligned layers at most (Figure 1 For Starbon ® A1000, the regions sampled at low magnification (Figure 1(e) ) display the same particulate microstructure and pore structure as observed for Starbon ® A800. However, at higher magnification (Figure 1(f) ), the fullerene-like character is more obvious with more distinct loop structures apparent, which exhibit slightly thicker stacks (between 3-5 graphene layers). Based on the observations at high magnification of short range graphitic order and limited graphite stacking, Starbon ® A1000 appears to closely resemble a non-graphitising carbon pyrolysed to 1000 ο C as described in the paper of Zhang et al. [13] .
With regards to the AMCS samples, the carbon microstructures ( It is clear that there are significant differences between the microstructures of the commercial PGC, alginic acid-derived Starbon ® and AMCS materials. This makes the fact that they exhibit such similar properties in terms of chromatographic separation all the more interesting. In order to understand further the nature of the carbon environments present in these materials, core loss EELS data were collected at the carbon K-edge, which relates to transitions from the carbon 1s core level to empty p-like final states above the Fermi level.
Analysis of the carbon K-edge using the procedure described by Zhang et al. [13] is used to gain semi-quantitative information on the level of carbon sp 2 bonding from the relative intensity of the π* transition at 285 eV, and on the degree of fullerene character from the relative intensity of the residual peak at 287/287.5 eV.
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Representative EELS plots fitted at the carbon K-edge for Starbon ® A800 and commercial PGC are shown in Figure 2 (a and b respectively). The percentage sp 2 content and percentage fullerene character data derived from these fitted plots using the procedure described by Zhang et al. 13 for all the samples are summarised in Table 2 . The paper by Zhang et al describes the procedure for the extraction of the concept of "fullerene content". Essentially this is the relative intensity of the residual peak centred at ca. 287 eV following a three Gaussian fit to the carbon K-edge. In practice, this peak is intensity is normalised to the total C K-edge intensity (integrated over a 20 eV window) -the latter giving a measure of the total number of carbon atoms in the analysed volume. This relative residual peak intensity is then corrected by the baseline relative peak intensity in this region observed in a 100% planar sp 2 reference material such as fully crystalline graphite (i.e. this is subtracted from the measured value). Finally the concept of "fullerene content" is achieved by normalising this ratio is to the corresponding ratio obtained from crystalline C 60 . In principle this normalised intensity ratio should reflect the degree of non-planar sp 2 -bonded carbon character relative to a perfect fullerene unit (some authors have termed this sp 2+d character) -provided no other factors are contributing to this intensity such as carbon bonded to heteroatoms, the majority of which are expected to be driven off at the pyrolysis temperatures involved. A recent study by Powles et al. [20] reported the use of molecular-dynamics simulations to describe how self-assembled sp 2 -bonded carbon structures, like fullerenes, could arise from highly disordered amorphous precursors. They found that two key factors affected the organising capabilities of sp 2 carbon: (i) the geometry of the precursor system, and (ii) the density (thus void space) of the material.
Initially considering this second factor, the materials in our work can be considered lowdensity bulk carbons and afford a greater void fraction than higher-density carbons e.g.
annealed carbons. The simulated study by Powles et al. yielded a hypothetical highly curved sp 2 sheet model for low-density bulk carbons which was similar to that put forward by Harris et al. to describe the fullerene-like character of non-graphitizing microporous carbons, on the basis of TEM observations [21] .
Meanwhile the geometry of the precursor system before pyrolysis is that of a linear polyuronide polymer consisting of two hexuronic acid residues: β-D-mannuronic acid and α-L-guluronic acid. A recent study by Ross et al. reported the volatile products released by alginic acid and its calcium and sodium alginate salts during pyrolysis [22] . The study found that, for alginic acid and calcium alginate, the major volatile component released was furfural, along with smaller quantities of various cyclopentenones. Potentially, the C5 intermediates formed by modification of the hexuronic acid units during the generation of these volatiles may therefore act as the nucleation point and template for the growth of the highly fullerene character observed in our materials.
Further to this, the sp 2 content of the AMCS-W sample was found to be higher than that for Starbon ® A800 sample, with the AMCS-W sample having sp 2 levels that are on a par with those of a standard phenolic resin-derived, non-graphitising carbon. It is therefore possible that the calcium nanoparticles present throughout these materials may act as nuclei, catalysing the formation of sp 2 -hybridised carbon used to grow the fullerene layers observed. The apparently contradictory observation, whereby the AMCS-W sample has a higher sp 2 content than the AMCS-NW sample, could suggest that the large calcium clusters observed in the TEM images of the unwashed material are less effective catalysts for fullerene formation than the more dispersed calcium observed in the washed AMCS sample.
3.3: X-ray photoelectron spectroscopy (XPS)
In order to determine the chemical nature of the calcium present in the alginic acid-derived Starbon ® and AMCS materials, samples were analysed by X-ray photoelectron spectroscopy (XPS). Figure 3 (a) shows the Ca 2p signal for the expanded precursor of the alginic acidderived Starbon ® materials, which is composed of a a pair of spin-orbit split doublets, the attributed to a CO 3 environment, and is consistent with the presence of a large amount of CaCO 3 as indicated in the Ca 2p spectrum. Powder X-ray diffraction was performed on the AMCS-NW sample in order to determine the CaCO 3 phase type (Fig S1) . Comparison of the sample diffraction pattern with those for CaCO 3 recorded on the FIZ Karlsruhe ICSD suggests that the predominant polymorph is calcite, the pattern strongly correlated to that of Maslen et al. [24] . The peaks at 2θ = 32.2°, 37.4° and 53.8° could not be assigned although it is believed that they correspond to a minority crystal phase in this sample. The effect of acid washing on pyrolysis was also investigated by XPS (Fig 6) which shows that, while a decrease in Ca content is observed (Table 3) , there is no significant change in the surface carbon functionality (Fig 6b) . Following pyrolysis at 800°C, decomposition of the alginate is observed (as also in Figure 4) , with the Ca 2p exhibiting features for Ca(OH) 2 and CaCO 3 . Inspection of the C 1s now shows a single asymmetric peak for CH x /C-C similar to that observed for Starbon ® A800 and Starbon ® A1000. The loss of the peak at 290.4 eV, which was attributed to a carbonate-derived carbon, is consistent with a decrease in CaCO 3 in the acid washed sample. The loss of CO 3 is also manifest in the decreased oxygen content in the 800 °C pyrolysed sample (Table 3) . In the case of the data presented in our paper, it is reasoned that the "graphitic" carbon described in the Hirano [26] and Tsubouchi [29] papers forms the fullerene-like structures observed in the alginic acid-derived Starbon ® and AMCS materials. Since the carbon materials in this paper were prepared under a nitrogen atmosphere, it would be reasonable to assume that if calcium catalysis occurs, it may predominantly progress by the second mechanism. Indeed, the presence of high levels of calcium carbonate detected in our pyrolysed materials goes some way to supporting this view. Hirano et al. reported that graphitic particles were observed in pyrolysed PV-7 PVC by 1000 ο C, although the calcium carbonate infused into their starting material was in the form of "disks 8 mm in diameter and 2.5 mm thick" [26] . It is therefore conceivable that the nanoparticulate nature of the calcium speciesin the alginic acid-derived Starbon ® and AMCS materials described here may enhance the catalytic effect still further. An earlier study by Hirano et al. reported a positive correlation between the extent of graphite formation and the distribution and concentration of calcium found in several specimens of PVC coke [30] . In the case of the unwashed AMCS material, a large proportion of calcium appears to be tied up in large, crystalline structures; the calcium is heterogeneously distributed though the sample, and the concentration of calcium available for catalysis at a particular position is thus lower than that of the unwashed AMCS material. This could explain why this unwashed AMCS material presented a reduced carbon sp 2 content than the washed AMCS sample.
Discussion and conclusions
Analysis of a commercial PGC material using TEM and core loss EELS spectroscopy indicates that it resembles a typical, high temperature-pyrolysed non-graphitising carbon derived from phenolic resin. However, analysis of two types of mesoporous carbon derived from the algal polysaccharide alginic acid (Starbon ® and AMCS), shows a higher percentage fullerene character than the respective non-graphitising carbon. In addition, AMCS samples had a higher sp2-content than the alginic acid-derived Starbon ® material pyrolysed to 800 ο C.
Based on these observations and the results of XPS analysis, a mechanism of calcium catalysis for the formation of fullerene-like carbon has been discussed.
The carbon microstructures of Starbon ® and AMCS are considerably different to that of commercial PGC. Both Starbon ® and AMCS have extensive curvature of graphitic layers due to high-fullerene character whilst the microstructure of PGC predominantly features extended planar graphitic stacks. The fact that the chromatographic properties of the two biomassderived carbons are similar to those of PGC suggests that, at the molecular level, the retentive properties of fullerene-like and turbostratic graphite, for an analyte, are equivalent. In addition, whilst the fullerene stacks of Starbon ® and AMCS were limited to 2-3 layers, the graphitic stacks of PGC were 3-6 layers thick which suggests that the stack depth has minimal effect on the retention mechanism in PGC chromatography.
